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ABSTRACT

This report presents the characteristics of a large electro-pneumatic

transducer and exponential horn system which was installed at Marshall Space

Flight Center to simulate the rocket engine noise produced during a static test.

The output of the system was found experimentally to be about 24 decibels lower
than the SATURN S-I static tests.

Performance characteristics are presented showing the frequency re-

sponse of the horn as a mechanical coupler into the atmosphere. The electrical,

electronic and pneumatic control systems are explained in general terms. An

Appendix is included giving the exponential horn design criteria.
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GEORGEC. MARSHALL SPACE FLIGHT CENTER

MTP-TEST-63-4

PERFORMANCECHARACTERISTICSOF A LARGE FREE-FIELD
EXPONENTIAL HORN

By

Richard N. Tedrick

SUMMARY

This report presents the characteristics of a large electro-pneumatic

transducer and exponential horn system which was installed at Marshall Space

Flight Center to simulate the rocket engine noise produced during a static test.

The output of the system was found experimentally to be about 24 decibels lower

than the SATURN S-I static tests.

Performance characteristics are presented showing the frequency re-

sponse of the horn as a mechanical coupler into the atmosphere. The electrical,

electronic and pneumatic control systems are explained in general terms. An

Appendix is included giving the exponential horn design criteria.

INTR OD UC TION

One of the malevolent by-products of the testing of today's large space

vehicles is the high intensity sound generated by the rocket engines. This noise

is capable of propagating several miles since it is mostly composed of low

frequencies which attenuate relatively little. Then if, as often occurs, the

prevailing meteorological conditions are right for refraction (bending) of the

acoustic energy toward the earth, the sound pressure level at eight or ten miles

from the test may actually be greater than the level measured just a few thou-
sand feet away.



In order to protect the neighboring communities during tests of the
Saturn spacevehicle, the Test Division of Marshall SpaceFlight Center has
instituted several programs to investigate the long-range propagation of sound.
Oneof these involves the use of the exponential horn installation atop the 20
meter tower shownin Figure 1. Since the system is capableof soundingtones
between27 and i000 cycles per second, the horn may beused to measure the
attenuation of soundin the atmosphere as a function of frequency. Shaped
random noise may also be "played" to approximate the acoustic output from
rocket engines so that the acoustic effects of static firings under different
meteorological conditions may be studied without either the risk or expenseof
such static tests.

DISCUSSION

The system basically consists of four electro-pneumatic transducers

with an exponentially expanded coupler (horn). The transducers are Ling-Altec

Model 6786 and they each electromagnetically modulate a 7097 liters per minute

airflow operating at a pressure of 2.18 kilograms per square centimeter. With

an electrical input of 75 watts each transducer is rated at approximately 2000

acoustic watts output. (This may be compared with the usual high-fidelity

system which has an output of between 10 and 40 acoustic watts).

The horn, itself, is nearly l0 meters in length and is exponentially

expanded to an exit diameter of 3. 186 meters. This corresponds to a low fre-

quency cut-off of 27.7 cycles per second at a virtual temperature of 20°C

( 68 ° F). The design criteria of the exponential horn are derived in the Appendix.

It was noted by the operators of the system that the horn and tower

began to vibrate severely when the operating frequency was below thirty cycles

per second. Upon investigation this was found to be the result of operating

below the low frequency cut-off of the horn. Since it was found that this low-

frequency cut-off was quite sharp, it was possible to study its variation with

ambient air temperature. A theoretical relationship was derived (see Appendix)

from the equation for the exponential horn. Several tests were made at various

temperatures, and their results along with the calculated values are shown in

Figure 2.

Tests were made of the sound pressure level variation within the horn

itself. At four points along the centerline of the horn (see Figure 3) measure-

ments were made at octave frequencies between 25 and 800 cps. The results



of these investigations are shownin Figure 4. The 25cps signal which is below
the cut-off of the horn is lower in soundpressure level at all stations along the
centerline, while the 800 cps signal shows a slight reduction in level from the
others at every position but the center of the horn mouthplane (plane D). One
other notable characteristic of the curves is the nearly constant 3.5 db per meter
loss along the horn centerline. The inverse square law appears not to apply in
this case. This can be demonstrated theoretically by considering the expansion
of the soundfront within the horn.

The equationfor the side of the exponentially-expanding horn (see Ap-
pendix Figure A-l) is in the general form

y = ae bx (1)

where a and b are experimentally-derived constants (see Appendix). The area

(A) of the cross-section of a square horn is

A = (2y) 2

= 4a2e 2bx {2)

However, at the input to the horn (x=0), the cross-sectional area A o
Thus

= 4a 2.

A = Ao e2bx (3)

The sound pressure level (SPL) and power level (PWL) are related by

the equation

SPL = PWL -10 log A (4)

Therefore

SPL = PWL -t0 log Aoe2bx

= PWL -10 log A o -10 log e 2bx (5)

If one defines SPL o as the sound pressure level at the input to the horn
(x = 0), then

SPL o = PWL -10 log A o (6)
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and, more generally,

SPL = SPL o -20bx log e -C (7)

C is the constant in decibels to correct for the difference between the actual

spherical wave segment and the assumed planar wave.

For the specific horn vehicle being considered (see Appendix) b = 0.423,
c = 9.49 decibels and therefore

SPL = SPL o -3.66 x -9.49 (8)

where x is the distance from the entrance to the horn in meters. As can be

seen from Equation 8, the sound pressure level within the horn should be linear

with distance from the throat.

It is interesting also to consider what happens just outside the horn,

since it has been noted that the sound from such horns does not follow the

classical inverse square law type of propagation loss. As mentioned before,

the equation for the side of the horn is

y = ae bx (9)

Then

moving

Y = Ym

tangent

dy = abeb x = by (10)
dx

If, at the lip of the horn, the coordinates of the horn are (Xm, Ym) and

if it can be assumed that a portion of the sound wave front continues to travel

along a line tangent to the horn lip, then a point along the edge of the foreward-

portion of the sound front would have .the coordinates, x = x m + Ax,

+ Ay. However, if the angle included between the above mentioned

and the horn centerline is defined as 0, then

tan 0 = dy _ Ay
dx = bYm X-Xm (11)

and

Ay = (X-Xm) by m (12)

Y=Ym +AY

= Ym + (X-Xm) bYm

= Ym [1 + b (X-Xm)] (13)
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The soundpressure level at a point in front of the horn is (from Equations
4, 7 and 13).

SPL=SPL o-3.66 X m-2Olog [i +b(x-Xm)] -c (14)

For the condition under which X is much greater than one, Equation 14
becomes

SPL=SPL o-3.66 X m-201ogb-201og (X-Xm) -c (15)

If X is also much larger than X m (in other words if the measuring point
is in front of the horn several multiples of the horn length), then

SPL = SPL o -3.66 X m -20 log b -20 log x-c (16)

The sound pressure level at the mouth of the horn SPL m may be defined
as

SPL m = SPL o -3.66 X m -20 log b-c.

Therefore

SPL = SPL m -20 log x (17)

This is the well-known inverse square law. Thus the limitations upon

the application of the inverse square law can be seen. That rule may be con-

sidered to be useful only when the distance (x) from the source is much greater

than the length of the horn itself.

In the case of the specific horn which is under consideration, Equation

14 becomes (when x is in meters)

SPL = PWL -10 log (0.0298) -10 log (3.28) 2-3.66 (7.32) -9.49

-20 log [I + O.423(x-7.32) ]

= PWL -19.8 -20 log [I + O.423(x-7.32)] (18)

When Equations 8 and 18 are plotted, a single smooth curve (Fig. 5) is
obtained. The measured values taken within the horn and within one thousand

feet of the horn have been added to the figure along with the inverse square law

reference line which might be inferred from the far-field data.



Measurementsof soundpressure level variations in the plane of the

mouth of the horn (plane D) were also made (see Figure 6) at octave frequencies.

The results of these measurements are presented in Figures 6 through 9. The

sound pressure level variations across the face of the horn at 25 and 50 cycles

per second are shown in Figure 7. The 25 eps curve shows the effect of being

below the cut-off frequency in that it is six to ten decibels lower than the other

curve. This means that there is from one quarter to one tenth as much energy

being radiated at 25 as at 50 cps. Most or all of the remainder is going into
the vibration mentioned above.

In Figures 8 and 9, the same type of presentation is made of the energy

at 100, 200, 400 and 800 cps. At 200 cps a peak begins to show in the curve at

the center of the horn mouth. This phenomenon increases with frequency until

at 800 cps the wave front of the energy can be seen to even pull away from the

edges and corners of the horn. This is due to the proportional decrease in

wavelength as the frequency increases. In this case not more energy but less

is imparted to the horn in the form of vibration. However, the efficiency of a

horn which is too large for the wavefront is lower and the resulting sound

pressure level output is less.

In Figure 10 the information from the previous three figures is sum-

marized. The measured frequency response curves for various locations in

the plane of the horn mouth are shown. The portions of the curves which lie

between 50 and 400 cps appear to be relatively flat. This is, of course, indic-

ative of the optimum frequency range of the horn system. It should be noted

that the absolute sound pressure levels shown across the face and at interior

planes were not taken at full power. This was done to protect the equipment

and personnel during the test. However, none of the cut-off data nor frequency

response curves should be materially altered by changes in amplitude.

At full power the output of the exponential horn installation is 151 dec-

ibels at six feet in front of the mouth of the horn along the centerline. In the

field the sound pressure level is about 24 decibels below that measured during

Saturn static tests. This means that while under most meteorological conditions

the signal can be heard well above the ambient background noise level out to

twelve to fifteen miles, it has only one sixteenth the damaging pressure of the

Saturn test. Thus the horn can be sounded while several mobile monitoring

stations are in the Huntsville area and the findings utilized to reschedule full-

scale rocket tests to avoid periods of possible damage or annoyance which might
result under adverse conditions.
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The control console installation in the tower is shownin Figure ii. The
electrical and electronic circuitry is quite simple. It consists of three audio
oscillators and a random noise generator, any oneof which (or each in turn)
may beplayed through two power amplifiers into the electro-pneumatic trans-
ducers. (Figure i2). It hasbeendetermined that whenthere is an electrical
signal across the transducers it is necessary to have the air flowing through
then to keep the relatively delicate coils from overheating. Therefore, to keep
a load across the outputof eachamplifier betweentests, artificial loads were
handwoundand are inserted in the circuit by relay action each time the signal is
removed from the transducer. The length of time the transducer is activated
is governed by a pre-set time delay circuit. By use of the stepping relay, it is
possible to "play" a series of three pre-determined tones and random noise.

The azimuth of the horn is variable since the platform upon which it

rests may be rotated 340 ° . (Because of the flair of the horn it is possible for

the operator to direct sound out every azimuth). A reversible 220 volt, 3phase,

40 horse power chain-drive motor turns the horn about 15 degrees per minute.

This is controlled like the rest of the system from within the control room

atop the tower.

The pneumatic system (Figure 13) consists of a diesel-powered com-

pressor, a collection tank, a dome regulator controlled by a small manual

regulator and several filters. Because of the high magnetic flux density (17,000

gauss), every particle of iron which may be generated within the system by the

friction of moving parts or sucked in from the outside at the compressor eventu-

ally finds its way to the permanent magnets in the transducer. Since the

extremely small tolerances between the magnet and moving coil do not leave

much room for such accumulation before the coil is shorted, it has been

necessary to filter out every impurity down to 40 microns in size.
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APPENDIX A

CALCULATION OF HORN C_TERIA

1

.

3.

Assume horn throat dimensions (square) of 17.27 centimeters (D o = 17.27
cm)

Assume an exit cutoff frequency of 30 cycles per second (f = 30 cps)
C

Assume an atmospheric temperature of 20 ° C. This results in a velocity

of sound of 343. 7 meters per second (V s = 343.7 mps)

4. Wave length at cutoff (},) is

V
s 343.7

f 30
C

- 11.46 meters

5. Exit side (D c) should be approximately

11.46
Dc- 3 - 3 - 3. 82 meters

6. Maximum exponential flaring constant (m) is (Ref. 1)

10.5 10.5
m - _ - O. 916

11.46

7. Length of horn (L) in meters is

L- 4. m605 log (_-_Co)

= 5. 03 log (22. 119)

= 6. 77 meters
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. For structural reasons, assume the length to be 7.31 meters instead of

6.77 meters. Then the flaring constant would be

D
4, 605 c

m' - log7.31
O

= 0. 630 log (22. 119)

= 0.846

9. The length of the side at X distance from throat = y = D
O

0. 423x
= (0.1727) (2.718)

rex/2

10. Since m' -
10.5

V
S

and )_ -
f

e

ii.

V m v
s

f -
c 10.5

-2
HoweverV = 20.06 T

S

Kelvin (°K). Therefore

where T is the virtual temperature in degrees

-2
20.06 m' T

f =
c i0.5

= 1.62T -2

Relationships 9 and 11 allow the calculation of the dimensions of the horn

configuration itself and the cut-off frequency of the horn. Table A-1 lists

the x distance from the throat and the corresponding side length y. Figure

A-1 presents the same data graphically. The calculated values of the cut-

off frequency are plotted against measurements in the main body of the

report.



TABLE A- i
CALCULATED HORNDIMENSIONS

Item

No.

1

2

3

4

5

6

7

8

9

10

11

12

X Distance

From Horn

Throat (cm)

15. 24

30.48

45. 72

60.96

76. 20

91.44

106. 68

121.92

137.16

152.4O

167.64

182.88

t
Y

2
Y

3
Y

4
Y

5
Y

6
Y

7
Y

8
Y

9
Y

10
Y

11
Y

12
Y

mx/2
y=D

O

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27)(2.718)

= (17.27) (2. 718)

= (17.27)(2.718)

O.0645
= (17.27) (I.0666) =

O. 1289
= (17.27) (i.1365) =

O. 1934
= (17.27) (i.2133) =

O.2597
= (17.27) (i.2942) =

O.3224
= (17.27) (i.3804) =

O.3868
= (17.27) (1.4723) =

O. 4513
= (17.27) (1. 5703) =

O. 5158
= (17.27) (1. 6750) =

O. 5803
= (17.27) (1. 7865) =

O. 6447
= (17.27) (1. 9054) =

O. 7092
= (17.27) (2. 0324) =

O. 7737
= (17.27) (2. 1678) =

Width of Horn

Section (cm)

18.42

19. 63

20. 96

22. 35

23.84

25. 43

27. 12

28. 93

30.86

32. 91

35. 10

37.44
bo
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TABLE A-I (Cont'd)

Item

No.

13

14

15

16

17

18

19

20

21

22

23

24

X Distance

From Horn

Throat (cm)

198.12

213.36

228.60

243.84

259.08

274,32

289.56

304.80

320.04

335.28

350.52

265.76

rex/2
y = D O c

13 0.8382
y = (17.27)(2.718) = (17.27)(2.3122) =

14 0.9026
y = (17.27)(2.718) = (17.27)(2.4660) =

15 0.9671
y = (17.27)(2.718) = (17.27)(2.6303) =

16 1.0316
y = (17.27)(2.718) = (17.27)(2.8056):=

17 = (17.27)(2.9925) =y = (17.27)(2.718) 1"0961

18 1.1605
y = (17.27)(2.718) = (17.27)(3.1915) =

19 1.2250
y = (17.27)(2.718) = (17.27)(3.4042) =

20 1.2895
y = (17.27)(2.718) = (17.27)(3.6310) =

21 1.3540
y = (17.27)(2.718) = (17_27)(3.8729) =

22 1.4184
y = (17.27)(2.718) = (17.27)(4.1205) =

23 1.4829
y = (17.27)(2.718) = (17.27)(4.4057) =

24 1.5474
y = (17.27)(2.718) = (17.27)(4.6993) =

Width of Horn

Section (cm)

39.94

42.59

45.43

48.46

51.69

55.12

58.80

62.71

66.89

71.17

76. 09

81. 17



TABLE A-I (Cont'd)

Item
No.

25

26

27

28

29

3O

31

32

33

34

35

36

X Distance
From Horn
Throat (cm)

25
381.00 y =

26
396,24 y =

27
411.49 y =

28
426.72 y =

29
441.72 y =

3O
457.20 y =

31
472. 45 y =

32
487.68 y =

33
5O2.93 y =

34
518.16 y =

35
533,41 y =

36
548.64 y =

Y = Do m,_/2

(17.27) (2. 718)

(17.27) (2.718)

(17.27) (2. 718)

(i7.27) (2. 718)

(17.27) (2. 718)

(17.27) (2. 718)

(17. 27) (2. 718)

(17. 27) (2. 718)

(17. 27)(2. 718)

(17. 27)(2. 718)

(17. 27)(2. 718)

(i7. 27) (2. 718)

1.6119

1. 6763

1.7408

1.8053

1.8698

1.9342

1.9987

2.0632

2.1277

2.1921

2.2566

2_3211

= (i7.27) (5. 0123) =

= (17.27) (5. 3458) =

= (17.27) (5. 7019) =

= (17.27)(6.0818) =

= (17.27) (6. 4870) =

= (17.27)(6.9186) =

= (17.27) (7. 3795) =

= (17.27) (7, 8712) =

= (17.27) (8. 3956) =

= (17.27) (8, 9540) =

= (17, 27) (9. 5507) =

= (17. 27) (10. 1872) =

Width of Horn

Section (cm)

86. 57

92. 33

98.48

105.04

112. 04

119. 50

127.46

135. 95

145. 01

154. 65

164. 96

175. 95

¢JI



TABLE A-1 (Cont'd)

Item

No.

X Distance

From Horn

Throat (cm)

y = D O E mx/2

Width of Horn

Section (cm)

37

38

39

40

41

42

43

44

45

46

47

48

563.89

579. 37

594. 37

609. 60

624. 85

640. 08

655. 33

670. 56

685. 81

701. 04

716. 29

731.52

37
y = (17.27)(2.718) 2.3856

38
y = (17.27)(2.718) 2.4500

39 2. 5145
y = (17. 27) (2. 718)

40 2. 579O
y = ( 17. 27) (2. 718)

41 2. 6435
y = (17.27)(2.718)

42 2. 7079
y = (17.27) (2. 718)

43 2. 7724
y = (17.,27) (2.718)

44 2. 8369
y = (17.27)(2.718)

45 2. 9014
y = (17.27)(2.718)

46 2. 9658
y = (17. 27) (2. 718)

47 3, 0303
y = (17.27) (2. 718)

48 3. 0948
y = (17.27)(2.718)

= (17. 27)(10.8110) =

= (17.27)(11.5880) =

= (17.27)(12.3608) =

= (17.27)(13.1839) =

= (17.27)(14.0623) =

= (17.27)(14.9977) =

= (17.27)(15.9974) =

= (17.27)(17.0630) =

= (17.27)(18.1996) =

= (17.27)(19. 4105) =

= (17.27)(20.7032) =

= (17.27)(22.0831) =

186.73

200.15

213.50

227.71

242.88

259.04

276.31

294.71

314.34

335.26

357.59

381.42
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FIGURE A-1. DIMENSIONS OF EXPONENTIALLY EXPANDED HORN
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